, an antitumor gene-delivery vector, were obtained for DNA-containing capsids and diffracted X-rays to 2.7 Å resolution using synchrotron radiation. The crystals belonged to the monoclinic space group P2 1 , with unit-cell parameters a = 255.4, b = 350.4, c = 271.6 Å , = 90.34 . The unit cell contained two capsids, with one capsid per crystallographic asymmetric unit. The H-1PV structure has been determined by molecular replacement and is currently being refined.
Introduction
H-1 Parvovirus (H-1PV) is a member of the Parvovirus genus of the Parvoviridae, a family of single-stranded (ss) DNA-packaging viruses (Berns & Parrish, 2007) . H-1PV and a number of other rodent parvoviruses, including Minute Virus of Mice (MVM) and LuIII, are being developed as vectors for antitumor gene-delivery applications (reviewed in Blechacz & Russell, 2004; Rommelaere et al., 2010) . The viruses replicate autonomously in rapidly proliferating and oncogenetransformed cells and exert oncoselective toxicity and oncosuppressive activity in human tumor cell lines, while being nonpathogenic to humans (Rommelaere & Cornelis, 1991; Blechacz & Russell, 2004; Herrero Y Calle et al., 2004; . In preclinical studies, H-1PV induced regression of advanced rat and human gliomas in rat models by local, intravenous or intranasal treatment Kiprianova et al., 2011) . These observations led to a phase I/IIa clinical trial evaluating the efficacy of H-1PV for the treatment of patients with recurrent glioblastoma multiforme (Geletneky et al., 2012) .
H-1PV virions package a linear ssDNA genome of $5 kb into a T = 1 icosahedral capsid with a diameter of $260 Å . The genome encodes two nonstructural (NS) proteins, NS1 and NS2, and two overlapping capsid viral proteins (VPs), VP1 and VP2 (Cotmore & Tattersall, 1987) . VP1 (81 kDa) and VP2 (65 kDa) are produced by alternative splicing from the same mRNA. The entire sequence of VP2 is contained within VP1, which has a unique N-terminal region (VP1u) of 142 amino acids. VP3 (63 kDa) is generated by posttranslational cleavage of 18 or 21 amino acids from the N-terminus of VP2 after DNA packaging and is thus only present in virions. H-1PV empty (no DNA) capsids are reported to be assembled from $10 copies of VP1 and 50 copies of VP2, while full capsids (with DNA) contain ten copies of VP1 and a mixture of VP2 and VP3, with VP3 being the major component.
The three-dimensional structures of several members of the Parvovirus genus have been determined by X-ray crystallography (Tsao et al., 1991; Agbandje-McKenna et al., 1998; Agbandje et al., 1993; Simpson et al., 2002) . In all of these structures, only the overlapping C-terminal polypeptide sequence ($550 amino acids) common to all three VPs is ordered with T = 1 icosahedral symmetry. The VP structural topology is highly conserved among the parvoviruses and contains a core eight-stranded -barrel domain and an -helical region . Structural variations localized to loops between these core regions dictate differences in biological functions such as receptor binding, tissue tropism, pathogenicity and antigenicity Halder et al., 2012) . Here, we report the production, purification, crystallization and structure determination of H-1PV towards the structural characterization of the capsid regions that dictate packaged genome interactions and its tumor tropism.
Materials and methods

Production and purification
The NB324K cells (simian virus 40-transformed human newborn kidney fibroblast cells) used for virus production were maintained in Eagle's minimal essential medium with 5% fetal calf serum, glutamine and antibiotics as recommended by the manufacturer (Gibco-BRL). Cell monolayers at 50% confluency (cell density of 4 Â 10 6 per 10 cm plate) were infected with wild-type H-1PV at 310 K for 1 h with a multiplicity of infection of 0.1 PFU per cell, which was followed by occasional rocking of the plates. The cells were incubated for an additional 5-7 d until a cytopathic effect was observed ($80% cell lysis). Cells were harvested by scraping and pelleted by low-speed centrifugation at 500g and 277 K for 15 min. The cell pellet was resuspended in TE buffer (50 mM Tris-HCl, 0.5 mM EDTA pH 8.7) and stored at 253 K. The virus capsids were released from the frozen cells by three cycles of rapid freeze-thawing. The cellular debris was removed by centrifugation at 12 100g and 277 K for 15 min. The supernatant was treated with nuclease and purified by three rounds of CsCl density (1.32-1.46 g cm À3 ) gradients using equilibrium centrifugation at 209 490g and 277 K for 24 h. Visible blue virus-capsid bands corresponding to empty capsids (1.32 g cm À3 ) and full capsids (1.41-1.46 g cm À3 ) were extracted from the density tubes by side puncture and dialyzed into Tris-HCl buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 8 mM CaCl 2 .2H 2 O). The capsid concentrations were assessed by hemagglutination of sheep erythrocytes as well as optical density measurements (assuming extinction coefficients of 1.0 and 7.0 for calculations in mg ml À1 for empty and full capsids, respectively) and adjusted to 10 mg ml À1 using Amicon Ultra-0.5 centrifugal filter units (100 kDa molecular-weight cutoff, Millipore) by centrifugation at 2300g at 277 K. The purity and integrity of the viral capsids were monitored using SDS-PAGE (15% resolving) with Coomassie Blue staining and negative-stain electron microscopy (EM), respectively.
Electron microscopy
For the EM visualization, 5 ml purified virus sample at an estimated concentration of 2.0 mg ml À1 was spotted onto a 400-mesh carboncoated copper grid (Ted Pella Inc., Redding, California, USA) for 1 min before blotting with filter paper (Whatman No. 5). The grid was washed twice by addition of 5 ml filtered water followed by blotting with filter paper after 15 s. The sample was then negatively stained with 5 ml NanoW (Nanoprobes) for 1 min, blotted dry and viewed with a Hitachi 3000 EM.
Crystallization
Crystallization conditions for the H-1PV full and empty capsids were screened based on conditions previously reported for other autonomous parvoviruses (Tsao et al., 1992; Agbandje et al., 1993; Hernando et al., 2000; Kontou et al., 2005; Llamas-Saiz et al., 1997) using the hanging-drop vapor-diffusion method (McPherson, 1982) with VDX 24-well plates and siliconized cover slips (Hampton Research, Laguna Niguel, California, USA). The reservoir solution consisted of 1-3%(w/v) polyethylene glycol 8000 (PEG 8000), 150 mM NaCl, 8 mM CaCl 2 .2H 2 O as precipitant in 10 mM Tris-HCl pH 7.5 (reservoir solution). The drops were prepared by mixing 2 ml virus solution (at 10 mg ml À1 ) in Tris-HCl buffer with 2 ml reservoir solution and were equilibrated against 1 ml reservoir solution at RT. The data collection, processing and structure determination of H-1PV from only the full capsid crystals are described below.
Data collection and reduction
Crystals were soaked for 30 s in cryoprotectant solution consisting of the reservoir solution plus 10% PEG 8000 and 30% glycerol and were flash-cooled to 100 K in a liquid-nitrogen stream prior to X-ray diffraction data collection. Diffraction data were collected on the F1 beamline ( = 0.9186 Å ) of the Cornell High Energy Synchrotron Source (CHESS) using an ADSC Quantum 270 CCD detector at crystal-to-detector distances of 230 and 300 mm, with an oscillation angle of 0.3 and a exposure time of 30 s per image. The measured diffraction intensities were indexed and integrated with the HKL-2000 suite of programs and were scaled and merged with SCALE-PACK (Otwinowski & Minor, 1997) . The intensities were converted to structure-factor amplitudes using the TRUNCATE program in CCP4 (Winn et al., 2011) for the structure-determination process.
Molecular replacement: determination of particle orientation and position
The orientation of the H-1PV full capsids in the crystal unit cell was determined with a self-rotation function (Rossmann & Blow, 1962) using the General Lock Rotation Function (GLRF) program (Tong & Rossmann, 1997) . The calculations used the top 10% (largest amplitudes) of the experimentally observed data between 10.0 and 5.0 Å resolution to represent the second Patterson. The radius of integration was set to 120 Å with = 72 , 120 and 180 to search for fivefold, threefold and twofold symmetry elements, respectively. This procedure was followed by molecular replacement using the available MVM prototype strain (MVMp) structure. A C model of the MVMp VP2 crystal structure (PDB entry 1z14; Kontou et al., 2005) was generated by the MOLEMAN program (Kleywegt & Jones, 1997) , expanded to 60 subunits (one empty capsid) by icosahedral matrix multiplication using the Oligomer Generator subroutine available at the VIPERdb website (Carrillo-Tripp et al., 2009) and used as the phasing model. Structure factors were calculated in the 10.0-5.0 Å resolution range using the SFALL program in CCP4 (Winn et al., 2011) and used for cross-rotation and translation function searches using the AMoRe program (Navaza, 2001) . The solution with the highest structure-factor correlation coefficient (CC) and the lowest R factor {CC = ð P jF obs j Â jF calc jÞ=½ð P jF obs j 2 Þ Â ð P jF calc j 2 Þ 1=2 and R factor = P hkl jF obs j À jF calc j = P hkl jF obs j Â 100, where F obs are the observed structure factors and F calc are structure factors calculated from the model} was used in the translation-function search for determining the correct solution, and the top solution from the translation function was further refined using a rigid-body option, FITING, in AMoRe. The MVMp C capsid was rotated and translated into the unit cell according to the final molecular-replacement solution. The solutions were confirmed by a self-rotation function search with structure factors calculated from the oriented and positioned model in the 10.0-5.0 Å resolution range using the SFALL program in CCP4 (Winn et al., 2011), as described above for the experimental data sets, prior to structure refinement.
To calculate initial phases for model refinement and electrondensity map calculation, an MVMp VP2 polyalanine model was generated from the VP2 crystal structure (PDB entry 1z14; Kontou et al., 2005) using the MOLEMAN program (Kleywegt & Jones, 1997) and superimposed individually onto the 60 subunits of the oriented and positioned MVMp C capsid model. The phases calculated from this model were improved using simulated-annealing, energyminimization, conventional positional and individual temperaturefactor (B-factor) refinement in the CNS program (Brü nger et al., 1998) . This procedure was followed by real-space electron-density averaging using a VP2 molecular mask. The refinement and averaging procedures were conducted while applying strict 60-fold noncrystallographic symmetry (NCS) in the CNS program (Brü nger et al., 1998) . Reflections with I/(I) > 0 were used in refinement. 5% of the total data set was partitioned for monitoring of the refinement process with an R free calculation ( P hkl jF obs j À jF calc j = P hkl jF obs j Â 100, calculated with a 5% randomly selected fraction of the reflection data not included in refinement; Brü nger, 1992). The refinement and averaging cycles were followed by interactive model building into the averaged -weighted 2F obs À F calc electron-density map by substitution, insertion and deletion of amino acids relative to the starting MVMp polyalanine model using the Coot program (Emsley et al., 2010) . The model building was followed by a second round of refinement conducted as described above.
Results and discussion
H-1PV production, purification and crystallization
Wild-type H-1PV full and empty capsids produced in NB324K cells and purified using a CsCl density gradient were observed to be assembled from VP1-3 and VP1-2, respectively, as expected (Fig. 1a) . The higher abundance of VP3 compared with VP2 in the H-1PV full capsids is consistent with cleavage of >50% of the VP2 to generate VP3 following genome packaging in the sample crystallized. The appearance of the H-1PV full and empty capsids in the negative-stain electron micrographs, stain excluded and stain penetrated ( Figs. 1b  and 1c ), respectively, is consistent with the presence and the absence of packaged genome, respectively. Crystals with a rod-shaped habit (Fig. 1d) were obtained from both the full and empty capsids in $3-4 weeks at room temperature from the Tris-HCl buffer with 3% PEG 8000. The approximate crystal dimensions were 0.15 Â 0.01 Â 0.005 mm (Fig. 1d) .
Data collection and processing
A total of 392 usable images were collected from two crystals of H-1PV full capsids. The crystals diffracted X-rays to beyond 2.7 Å resolution (Fig. 2) . Indexing of the two data sets showed that the crystals belonged to the primitive monoclinic crystal system, with a angle that was very close to 90 (Table 1) determined during indexing by assuming twofold symmetry along either the a, the b or the c axis and comparing the R sym [ P hkl P i jI i ðhklÞ À hIðhklÞij= P hkl P i I i ðhklÞ Â 100, where I i (hkl) is the intensity of an individual reflection with indices hkl and hI(hkl)i is the average intensity of all symmetry-equivalent measurements of that reflection; the summation is over all intensities]. Assumption of a twofold along a or c gave R sym values of $30% or $50%, respectively, compared with an R sym of 13.2% for a twofold along the b axis. A similar strategy was used to identify the unique b axis for the Hong Kong 97 (HK97) bacteriophage (Wikoff et al., 1999) . As also reported for HK97, the proximity of the angle to 90 resulted in an orientation ambiguity in indexing, in which each crystal could be indexed in two possible orientations because the positions of the reflections are consistent with mmm symmetry. The correct orientation(s) was determined by scaling the data sets independently and then together. While the data sets scaled well individually (R sym of $13%), when scaled together the correct orientation had an R merge (the same as R sym but for merged data sets) of 13.2%, while the incorrect orientation had an R merge of $60%. Inspection of the 0k0 class of reflections (for k = 2n) implied systematic absences for the odd reflections, indicating the presence of a 2 1 screw axis; thus, the crystals belonged to space group P2 1 . The data-collection and processing statistics are summarized in Table 1 .
Packing considerations based on the unit-cell parameters and the P2 1 space group suggested the presence of two capsids per unit cell related by the 2 1 screw axis and one capsid in the crystallographic asymmetric unit. Based on the unit-cell volume and the molecular weight of full capsids ($5.7 Â 10 6 Da), and assuming the presence of one capsid per asymmetric unit, the Matthews coefficient (V M ) was calculated to be 2.1 Å 3 Da À1 , with a solvent content of 48%.
Molecular replacement: particle orientation and position
The orientations of the two capsids in the crystal unit cell were determined with a self-rotation function that searched for the fivefold, threefold and twofold icosahedral symmetry axes of the virus capsid with = 72 (Fig. 3a ), = 120 ( Fig. 3b ) and = 180 ( Fig. 3c ), respectively. The = 72 search showed that the two capsids in the unit cell have different orientations but are related by a twofold rotation along the b axis (Fig. 3a) . The = 180 search showed the presence of a crystallographic peak at ' = 90 , = 90 corresponding to the twofold axis along b, thus establishing the orientation of the icosahedral symmetry axes relative to this crystallographic axis, and confirmed that the two capsids in the unit cell are related by the crystallographic twofold axis (b unique). The = 72 and = 120 peaks that do not belong to either of the two capsids in the unit cell (5f1 and 5f2 in Fig. 3a and 3f1-4 in Fig. 3b ) were interpreted as Klug peaks resulting from the superimposition of the self-Pattersons of crystallographically related capsids at a common origin (Johnson et al., 1975) . These peaks were not packing peaks resulting from pseudosymmetry at the 'low' resolution (10.0À5.0 Å ) used to compute the self-rotation functions as they were also observed for 'high' resolution data between 4.0 and 3.0 Å (data not shown), for which such packing peaks would be expected to disappear.
Molecular-replacement procedures using an MVMp C capsid model, in which the highest peak obtained for the cross-rotation function was used for the translation-function calculation in both primitive monoclinic space groups P2 and P2 1 , resulted in a solution 13.2 (37.8) Multiplicity 2.6 (2.4) hI/(I)i 6.9 (2.4) V M (Å 3 Da À1 ) 2 . 1 R factor ‡/R free § (%) 23.9/23.9 † R merge = P hkl P i jI i ðhklÞ À hIðhklÞij= P hkl P i I i ðhklÞ Â 100, where I i (hkl) is the intensity of an individual reflection with indices hkl and hI(hkl)i is the average intensity of all symmetry-equivalent measurements of that reflection; the summation is over all intensities. ‡ R factor = P hkl jF obs j À jF calc j = P hkl jF obs j Â 100, where F obs and F calc are the observed and calculated structure-factor amplitudes, respectively. § R free is calculated in the same way as the R factor, except that it uses 5% of the reflection data partitioned from the refinement process.
